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• A new friction force model for a novel Linear Joule Engine Generator (LJEG) prototype is presented.
• Existing numerical friction force models are compared with experimental results.
• The relationship between friction and the LJEG dynamics are shown.
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A B S T R A C T
In this paper, the friction characteristics of a novel Linear Joule Engine Generator operating on dry friction
mechanism is presented. A numerical model of the friction forces is represented through the development of a
dry friction force model integrated into a mass-spring-damper system with viscous damping and spring constant
to emulate compressor and expander operating pressures. Experimental results from a Linear Joule Engine
Generator prototype are compared with the numerical simulation results predicted by the proposed friction
model and other reported friction models identified from the wider engineering literature. Finally, the re-
lationship between electric generator load and friction power of Linear Joule Engine Generator is established.
1. Introduction
The Linear-Joule Engine Generator (LJEG) combines the principles
of Reciprocating Joule Cycle Engines (RJE) and Free-Piston Linear
Electric Generators (FPLEG). The concept of LJEG was first proposed by
the authors’ group [1] and a parametric design, system analysis, and
optimisation were presented [2] with a working prototype now in op-
eration [3]. The external combustion process makes the solution com-
patible for a wide range of fuel applications and more adaptable to
different combustion modes that could reduce nitrous oxides (NOx) and
particulate matter emissions. The linear configuration of LJEG, when
compared to the conventional expansion machines, presents substantial
benefits, which include high efficiency, good operational flexibility,
compact in size and simple mechanical structure, low frictional losses,
and improved system power to weight ratio [4].
There has been growing research interest on reciprocating Joule
cycle engines for combined heat and power (CHP) and microscale
electric power generation applications. Bell and Partridge [5],
constructed a thermodynamic model of a reciprocating Joule cycle
engine incorporating external combustor, with traditional crankshaft
mechanism. The model maximum design temperature of 1300 °C. It was
concluded that improved thermal efficiency could be achieved by
minimizing sealing requirements to ensure less friction. It was also
suggested that low friction could be achieved by utilising a relatively
low-pressure ratio. The model predicted a thermal efficiency of 50% for
at 7.0 pressure ratio, without considering thermal losses. Researchers
from the authors’ group [6] considered a reciprocating Joule cycle
engine for CHP application with crankshaft mechanism and a re-
cuperator. The results showed that thermal efficiency is proportional to
operating pressure ratio and peak temperature. An engine efficiency of
38% and electrical efficiency of 33% were achieved in the model. A
similar study [7] by researchers in France explored a static model of
Joule engine with an external heat source for CHP application, a peak
temperature of 650 °C and a pressure ratio of 6.0 were achieved at a
thermal efficiency of 37.6%. A study on a dynamic model of open Joule
cycle low-speed two-stroke engine for micro co-generation systems,
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with a crankshaft mechanism, suggested that the use of a regeneration
cycle for waste heat recovery can enhance the engine performances.
The Joule Engine was found to be well suited for micro co-generation
systems with a potential thermal efficiency of 23% at 4.0 pressure ratio
[8]. Mikalsen and Roskilly [1] took a different approach by employing
free piston reciprocating Joule cycle for CHP application. A double
acting free piston expander and compressor, a constant pressure ex-
ternal combustor and recuperator were adopted. The model predicted
electric conversion efficiency of 32% at 6.0 pressure ratio. Wu and
Roskilly [2] conducted a parametric study on linear Joule cycle engine,
an electric conversion efficiency of 32% was achieved at 800 °C and
pressure ratio of 5.9. Wu, Jalal, and Baker [9] presented a coupled
dynamic model of linear Joule cycle engine with embedded permanent
magnet linear alternator. The coupled model also enables an integrated
design of linear Joule engine and linear alternator. In this work, the
maximum temperature of an external heat source was set at 790 °C and
the compression ratio of the engine is 6.5, a thermal efficiency of 34%
and an electric conversion efficiency of 30% was predicted. Researchers
from the authors’ group [3] presented a detailed dynamic and ther-
modynamic model of LJEG, model validation was implemented with
test data from both Reciprocating Joule Engine prototype and LJEG
prototype. The model predicted that electric power output can reach
4.4 kWe, while the engine thermal efficiency can reach above 34% with
an electric conversion efficiency of 30%. An experimental study con-
ducted on Free-Piston Expander Linear Generator for Organic Rankine
Cycle [10] using compressed air at 1.4 bar as the working fluid, re-
ported an indicated efficiency of 92.8% at operation frequency of
2.0 Hz. With increase expander intake pressure, the cycle to cycle
variation of the Free-Piston Expander Linear Generator prototype de-
creases and the motion stability improves. In a similar report [11] but
with a maximum intake pressure of 3.0 bar, the energy conversion
efficiency of the Free-Piston Expander Linear Generator tends to in-
crease gradually with intake pressure and external load resistance until
it reaches a peak and then the energy conversion efficiency starts to
decrease with the intake pressure and external load resistance. A peak
value of 73.3% indicated efficiency was reported.
Friction losses are considered among the major factors that limit
system performance of most mechanical systems. They affect the energy
footprint of a system through wear and decrease in energy conversion
efficiency. In a traditional internal combustion engine, piston assembly
can be responsible for 45% of total frictional losses and most of piston
assembly losses can be directly attributed to piston ring – cylinder liner
interface [12]. In free piston engines, friction loss at piston ring – cy-
linder liner interface accounts for more than 55% of total frictional loss
[13]. Friction loss in Free Piston Engine (FPE) is expected to be lower
than that of traditional internal combustion engines due to the elim-
ination of the piston skirt and crank mechanism. However, there are
few research publications on friction characteristics of FPE configura-
tions. Among the few, most of the published research articles in-
vestigated internal combustion FPEs, where hydrodynamic lubrication
is predominant. In a study on the oscillation characteristic of free piston
engine generator [14] considers frictional force in FPE to be a damping
force, which is directly proportional to piston sliding velocity while the
direction of friction is opposite to piston velocity. Similarly, the paper
[15] by researchers from China described the frictional force in FPE as a
damping force which can be regarded to have a linear relationship with
the piston velocity. A study on Free-Piston Expander Linear Generator
for small-scale Organic Rankine Cycle [16] suggested that the frictional
force behaves like a viscous force that is directly proportional to piston
sliding velocity. Goldsborough and Van Blarigan [17] analysed fric-
tional force in FPE as the sum of Coulomb and viscous frictions, the
viscous friction is proportional to piston velocity, where the direction of
Nomenclature
Ac compressor piston area (m2)
Ad reference flow area (m2)
Ae expander piston area (m2)
c damping coefficient (–)
Cd discharge coefficient (–)
F t( ) excitation force (N)→Fe pressure force from linear expander (N)→Fel pressure force from left chamber of the expander (N)→Fer pressure force from right chamber of the expander (N)→Fc pressure force from linear the compressor (N)→Fcl pressure force from left chamber the compressor (N)→Fcr pressure force from right chamber the compressor (N)
Ff friction force (N)
Ffd dry contact friction force (N)
Ffl friction force relative to retardation phase (N)
Ffp pressure friction force (N)
Ffu friction force relative to acceleration phase (N)→Fg generator force (N)
Fnet resultant force (N)
fs static friction coefficient (–)
fd dynamic friction coefficient (–)
G linear generator load constant (N/(m·s−1))
h coefficient of heat transfer (W/m2∙K)
he specific enthalpy of the mass flow through the expander
(J/kg)
k spring constant (–)
m moving mass (kg)
ṁ mass flowrate through valves (kg/s)
ṁc mass flowrate through the compressor (kg/s)
ṁe mass flowrate through the expander (kg/s)
N ring normal pressure force (N)
f friction function (–)
Pa atmospheric pressure (bar)
pc pressure in the compressor (Pa)
p lc pressure in the left compressor (Pa)
p rc pressure in the right compressor (Pa)
pd downstream pressure (Pa)
pe pressure in the expander (Pa)
p le pressure in the left expander (Pa)
per pressure in the right expander (Pa)
pu upstream pressure (Pa)
pi o/ suction or discharge compressor fluid pressure (Pa)
Qḣ heat flow rate (J/s)
R gas constant (J/kg K)
Tu temperature of upstream (K)
Tw average surface temperature of the cylinder wall (K)
x piston displacement (m)
x ̇ piston sliding velocity (m/s)
xṁ mean piston velocity (m/s)
x¨ piston acceleration (m/s)2
x¨m mean piston acceleration (m/s)2
V instantaneous cylinder volume (m3)
Vc working volume of linear compressor (m3)
Ve working volume of linear expander (m3)
a1 friction parameters (–)
a2 friction parameters (–)
z1 friction parameters (–)
z2 friction parameters (–)
ρi o/ suction/discharge compressor fluid density (kg/m3)
γ heat capacity ratio (–)
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the sum of frictional forces is opposite to piston velocity. Lee [18] used
the same approach to use Coulomb and viscous friction to simulate
friction force in a Free Piston Linear Generator Engine. A study on Free-
Piston Expander Linear Generator without lubrication identified that
Coulomb and viscous frictions are the main types of friction acting on
the system, the authors applied the Coulomb and viscous friction
parameters of 98.3 and 178.6 respectively for their calculation [19].
The friction force of FPE with opposed piston configuration [20]
was described for a two-stroke spark ignition system to be a constant
numerical value over the full stroke. Similarly, a study on a single-cy-
linder, two-stroke spark ignition FPE [21] proposed that the friction
force is a constant numerical value over the full stroke. Meanwhile,
Mikalsen and Roskilly [22] suggested that the friction force for two-
stroke compression ignition FPE could be taken to be a constant nu-
merical value all through the stroke. Yuan, Xu and He [23] claimed that
friction force of FPE is affected by in-cylinder gas conditions and piston
dynamics and therefore stated that friction force of FPE cannot be
considered as a constant. Hence they presented a friction model that
consists of three friction components: viscous friction, Coulomb fric-
tion, and friction as a result of in-cylinder pressure.
A fundamental lubrication theoretical model applicable to conven-
tional crankshaft engines was proposed in the paper [13], which was
used to simulate dynamic friction behaviour of FPEs. The results
showed that friction force from piston ring – cylinder liner interface can
be higher in FPEs than in crankshaft engines. Nevertheless, the elim-
ination of crankshaft in FPEs reduces overall frictional loss, which is
around half of overall frictional loss in a crankshaft engine.
Many engine developers and researchers concluded that a reduction
in friction loss in engine components is a positive means in the
improvement of engine’s mechanical efficiency [24]. Very few detailed
studies have been carried out on friction of FPEs. The most of the
published studies on friction force analysis only covered opposed piston
type FPEs adopting conventional lubrication principles. Although dry
friction theories have been well established, it still remains a challen-
ging task to analyse a dynamic system with dry friction components,
while sources of excitation are as fluctuant as observed in LJEG appli-
cations. In order to reduce the power loss as a result of friction in an
engine, an understanding is required on how engine parameters affect
its friction characteristics. As such, there is a need to develop a bespoke
model to represent the friction processes of LJEG; this will help to de-
velop analytical tools for the design of low friction engine components,
understand the optimal range of engine operational parameters to
minimise friction loss and to develop a robust friction model that can be
used in dynamic LJEG simulation to estimate actual engine-generator
output. In this paper, a novel friction model for an LJEG with FPE
configuration operating on dry friction principle is presented and the
model is validated with respect to observed experimental data.
2. System configuration and model description
2.1. System information
Fig. 1 shows a schematic, 3D drawing and photo of the LJEG pro-
totype. The main components are a linear compressor, a linear ex-
pander, an external reactor (combustor) and a linear generator. Two
free-pistons are placed in a double acting compressor (right end) cy-
linder and double acting expander (left end) cylinder respectively
Fig. 1(a). A rigid piston rod connects the two pistons to the linear
(a) Schematic configuration 
(b) Prototype illustration 
Fig. 1. Linear Joule Engine Generator prototype at Newcastle University.
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alternator at the centre. Located on the compressor and the expander
are the intake and exhaust valves at each end to draw in and expel
working fluid. The cycle starts from the compressor where the working
fluid is compressed and fed into an external combustor where the en-
ergy of the working fluid is raised to a constant pressure. The high
energy fluid from the combustor is expanded in the expander of the
LJEG. The expansion work drives the linear generator to produce
electricity and powers the compressor to increase pressure of working
fluid. More information about the system configuration can be found
elsewhere [3].
2.2. LJEG dynamic structure
The piston dynamics are determined by forces acting on it, which
are the gas pressure forces from the linear expander and compressor,
the resistance force from the linear generator, the in-cylinder frictional
force, and the inertia of the moving mass. The forces acting on the
piston of LJEG as shown in Fig. 2, can be expressed as follows according
to the Newton’s Second Law:
→ +→ +→ +→ =F F F F mx¨e c g f (1)
→ =→ +→F F Fe el er (2)
→ =→ +→F F Fc cl cr (3)
where
→Fe (N) is the pressure force from the linear expander;→Fel (N) is the
pressure force from the left chamber of the linear expander;
→Fer (N) is
the pressure force from the right chamber of the linear expander;
→Fc (N)
is the pressure force from the linear compressor;
→Fcl (N) is the pressure
force from the left chamber of the linear compressor;
→Fcr (N) is the
pressure force from the right chamber of the compressor.
→Ff (N) is the
friction force,
→Fg (N) is the generator force, x¨ (m/s2) represents piston
acceleration, m (kg) is the moving mass. The gas pressure forces from
both chambers of the linear expander and compressor can be obtained
using the gas pressure and piston effective area.
→ =F p A·el l ee (4)
→ =F p A·er r ee (5)
→ =F p A·cl l cc (6)
→ =F p A·cr r cc (7)
where p le (Pa) and p re (Pa) are the cylinder pressure in the left and right
chamber of the expander respectively. p lc (Pa) and p rc (Pa) are the cy-
linder pressure in the left chamber of the compressor respectively. Ae
(m3) and Ac (m3) represent the piston cross-section areas of the ex-
pander and compressor respectively.
2.3. Friction model
A simple approach to model the frictional force of the LJEG is
proposed. The mathematical expressions of the friction model are de-
veloped based on experimental observation and other established fric-
tion characteristics. The friction model presented has two components,
the first is the static and dynamic dry contact friction of the piston ring
and the cylinder liner while the second part is friction due to pressure
loading. The total friction is represented by Eq. (8). The following as-
sumptions were made for Eq. (8); the cylinder liner and the piston ring
are in direct contact in the LJEG, as the piston has a crosshead piston
arrangement without any side forces, piston skirt friction is neglected,
the piston ring does not twist, thermal and elastic deformation of the
ring and the cylinder liner are neglected, the dynamic and static friction
coefficients do not vary with pressure and temperature.
= + = +F F FDry contact friction force Pressure friction loadingf fd fp
(8)
where Ff is the total friction force, Ffd expresses the dry contact friction
force, Ffp is the pressure friction force.
Eq. (1) can be simplified to a one-degree forced vibration system
[25] and represented as a forced vibration system with viscous damping
and spring constant [26] as illustrated in the schematic shown in Fig. 3.
The system shown in Fig. 3 can be described as a model of one degree of
freedom mechanical oscillator, which a dry friction damper is attached
to it and its system dynamics is described by a second order differential
equation as depicted in Eq. (9).
+ + =mx cx kx F t¨ ̇ ( ) (9)
= −F t F Nf( ) e (10)
where c is the damping coefficient; k the spring constant, and F t( ) is the
continuing excitation force; Fe is the force provided by expander; N is
the ring normal pressure force; f is a friction function. The analogy
between a mass-spring-damper and the LJEG system is expressed in
Table 1.
The static and dynamic dry contact friction of the LJEG is modelled
as a dry friction oscillator as represented in Fig. 3. Other assumptions
included that the ring does not twist and there is no thermal and elastic
deformation on the ring and the cylinder liner. Therefore only frictional
force during macroscopic sliding motion with very short stops is con-
sidered rather than the stick-slip motion of the contact surface. The
stick-slip effect is neglected since the piston is accelerated with a force
much larger than the stiction force [19]. Dry friction problems have
been investigated extensively [27]. For a dynamic system where a re-
lative velocity between contact surfaces is virtually constant, then a
simplest friction model described by the Coulomb law would serve
[28]. In the LJEG and in most practical cases, the relative velocity be-
tween the contact surfaces varies hugely and changes its sign. In such
conditions, the preferred model must account for the transition from
static to dynamic friction and must provide a means of guiding the
system through zero relative velocity [28]. A dynamic model that could
account for the hysteretic behaviour of dry friction force during mac-
roscopic sliding at variable velocity was proposed in the paper [29] and
it showed that non-reversible friction characteristics depend on both
relative acceleration and velocity of contact surfaces. The dry friction
model adopted for our analysis is presented by [28] and represented in
Eq. (11). The materials for the contact surfaces (i.e. the cylinder liner
and the piston ring) are graphite on steel.
=
⎧
⎨
⎪
⎩⎪
> = ⎡⎣ + ⎤⎦
< = ⎡⎣ − ⎤⎦
−
−F
F sgn x F Nf x
F sgn x F Nf x
(¨) 0 1 g(¨)
(¨) 0 1 g(¨)
fd
fu fu d
f f
f
fl fl d
f f
f
,
,
s d
d
s d
d (11)
⎜ ⎟= ⎛⎝− +
⎞
⎠g x exp
a x
x a
(¨) | |
̇
| ¨|
1
2 (12)
Fig. 2. Schematic of the forces acting on the piston of LJEG.
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where a1, a2 (> 0) are the constant parameters, fs, fd are the static and
dynamic friction coefficients respectively, Ffu, and Ffl represent the
friction forces relative to acceleration and retardation phases respec-
tively. Eqs. (11) and (12) as well model the frictional memory during
the slip phase by the function a1 and a2, while non-reversibility is
modelled by + and − signs in quadratic brackets of Eq. (11). The
frictional force due to system pressure loading is expressed as:
= ⎛⎝ + + ⎞⎠F bP
P
efp c
a
bx
x
bP
P
̇
1 | |̇
m c
a
(13)
⎜ ⎟= ⎛⎝ +
⎞
⎠b
z
x z|¨ |m
1
2 (14)
where Pc is the pressure in the compressor cylinder (bar), Pa atmospheric
pressure (bar), x| |̇ the absolute piston sliding velocity (m s/ ), xṁ the
mean piston velocity (m s/ ), x¨m the mean piston acceleration (m s/ 2), z1
and z2 are friction parameters.
2.4. LJEG dynamic and thermodynamic model
A detailed description of the dynamic and thermodynamic model of
the LJEG can be found in the previous paper [3]. The in-cylinder
thermodynamic relationship in the linear expander and compressor can
be described by Eq. (15) [3]. Utilising the conservation of energy
principle in a control volume yields Eq. (16)
∑= − ⎛⎝− ⎞⎠ − +
−dp
dt
γ
V
dQ
dt
pγ
V
dV
dt
γ
V
m h1 1 ̇e
e
h
e
e
e i
e e
(15)
⎜ ⎟= ⎛⎝
− ⎞
⎠
dp
dt
γ
p
V ρ
m
xp
x
̇
̇c i o
c i o
c
c/
/ (16)
where γ is the specific heat ratio,Qḣ (J/s) is the heat flow rate, ṁe (kg/s)
is the mass flowrate through the expander; he (J/kg) is the specific
enthalpy of the mass flow through the expander, pe (Pa) and Ve (m
3)
represent the expander pressure and expander working volume re-
spectively. pc (Pa) represents the pressure in the compressor cylinder,
pi o/ (Pa) represents the suction or discharge compressor fluid pressure,
ρ (kg/m )i o/ 3 represents the suction or discharge compressor fluid density,
ṁ (kg/s)c suction or discharge compressor fluid mass flow rate. Vc (m3)
compressor working volume. x (m) is the piston displacement. x ̇ (m/s) is
Fig. 3. Analogous forced vibration system.
Table 1
Analogy between a mass-spring damper and the LJEG system.
Mass-spring damper LJEG system
Moving mass, m Mass of the piston assembly
Damping coefficient, c Linear generator load force
Spring constant, k In-cylinder compressor force
Excitation force, F Excitation force
Normal force, N Piston ring normal force
Friction function, f Inter-surface friction coefficient
Fig. 4. Data acquisition and control system.
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the piston sliding velocity. The heat transfer between the in-cylinder
gas and chamber walls of the expander is modelled accordingly [30]:
= −Q hA T Ṫ ( )h e w (17)
= ⎛⎝
⎞
⎠ +
− −h V p t T x130 ( )
10
( ̇ 1.4)m0.06 5
0.8
0.4 0.8
(18)
where Q ̇ (J/s)h is the heat flow rate; h (W/m2∙K) is the coefficient of heat
transfer; Ae (m2) is the area of the surface in contact with the gas in the
expander;Tw (K) is the average surface temperature of the cylinder wall,
V (m3) is the instantaneous cylinder volume; xṁ(m/s) is the average
piston speed. The mass flow rate through the valves, ṁ (kg/s) is de-
scribed by Eq. (19) [31].
=
⎧
⎨
⎪⎪
⎩
⎪⎪
⎡
⎣⎢
− ⎤
⎦⎥
> +
≤ +
−
−
+
+ − −
−
( ) ( )
( )
m
p p γ
γ p p γ
̇
1 , / [2/( 1)]
, / [2/( 1)]
C A p
RT
p
p
γ
γ
p
p d u
γ γ
C A p
RT γ
γ γ
d u
γ γ
( )
2
1
/( 1)
( )
1/2 2
1
( 1)/2( 1)
/( 1)
d d u
u
d
u
γ d
u
γ
γ
d d u
u
1
2
1 ( 1)
1/2
(19)
where ṁ (kg/s) is the mass flow rate through valve; Cd is the discharge
coefficient; Ad (m2) is the reference area of the flow; Tu (K) is the
temperature of the inlet gas; pu (Pa) is the pressure of the upstream of
the flow restriction; pd (Pa) represents the downstream air pressure; R
(J/kg K) gas constant. A mass flowrate leakage of 2% is allowed in Eq.
(19) for the compressor and expander in the model. Electrical current is
drawn from the coils of the linear generator through the continuous
back and forth movement of the mover. The load force of the electric
machine is assumed to be proportional to the current generated ac-
cording to electromagnetic theory and its direction is always opposite
to the piston velocity [32], the resistance force from the generator is
described as:
→ = −F Gx ̇g (20)
where G (N/(ms−1) is the linear generator load constant, x ̇ (m/s) is the
piston velocity. Eq. (8) represents the friction force model adopted in
the dynamic and thermodynamic model.
3. Experimental procedure
Compressed air (working fluid) from an external compressed air
tank is heated in the reactor during starting operation, before it flows
from the reactor to the expander. The high energy fluid expands in the
expander and drives the compressor. The compressed air from the
compressor is piped into the reactor where its energy content is in-
creased at constant pressure before it goes to the expander to continue
the cycle. The external supply of the compressed air is shut off once the
system compressor is in operation. The expander inlet valve opens
when the expander piston is at its Operation Top Dead Centre (OTDC).
The expander piston is driven by the compressed air and moves from its
OTDC to its Operation Bottom Dead Centre (OBDC), i.e. from the left to
the right for the left expander chamber and from right to left, for the
right expander chamber, until the expansion process is completed
(Fig. 1a). While the working fluid in the left expander is undergoing
expansion, the expansion work powers the right compressor simulta-
neously. Similarly, an expansion process in the right expander powers
the left compressor simultaneously. Fig. 4 shows the structure for data
acquisition and control process. The data acquisition and control of the
LJEG system are implemented using the National Instrument Compac-
tRIO system, the program for monitoring and display of the real-time
signals is developed in LabVIEW. The sensors are connected to I/O
modules on the CompactRIO system for data collection. The collected
data is temporarily stored in the CompactRIO memory and then
streamed to the PC. The intake, exhaust and in-cylinder pressures of the
expander and compressor were measured by pressure sensors; the
piston position/displacement was measured by an incremental mag-
netic sensor and the intake and exhaust temperature of the reactor, the
compressors, and the expanders were measured by temperature sensors.
The measured piston displacement and the compressor output pressure
were used as feedback signals to control the intake/exhaust valve
timings.
The recorded experimental data; compressor pressure Pc, expander
pressure Pe and piston displacement x, were used to calculate for the
variables in Eq. (21). Where = ×F P Ae e e, = ×F P Ac c c, =Ae πd4e
2
,
=Ac πd4c
2
, where Ff is the friction model in Eq. (8). The values for other
input parameters during the experiment are listed in Table 2. See Fig. 5
and Table 3 for the details of the piston ring.
The following values were used for the constants in Eqs. (12) and
(14); a1=21, a2 =0.9, z1 =183, z2 = 80, fs =0.1 and fd =0.095.
Expander ring compression pressure is 0.02N/mm2; compressor ring
compression pressure is 0.0256 N/mm2
= + + −F F F F md x
dtf e c g
2
2 (21)
= + + +d x
dt
F F F F
m
e c g f2
2 (22)
The observed test data friction force is obtained from the test data
indirectly using the measured piston motion and in-cylinder pressure as
represented in Eq. (21).
4. Results and discussions
4.1. Friction model results
Fig. 6 shows the comparison between the observed data and the
simulated results of the proposed friction force model. The model result
matches the trends of the observed test data. The observed errors seen
in the plot are originated from noises in the in-cylinder pressure mea-
surement.
Table 2
Prototype specifications and input parameters for model validation.
Parameters [Unit] Value
System Moving mass [kg] 27.5
Expander Maximum stroke [mm] 120.0
Effective bore [mm] 80.0
Inlet pressure [bar] 2.7
Inlet temperature [K] 473.0
Valve diameter [mm] 32.5
Valve lift [mm] 8.13
Compressor Maximum stroke [mm] 120.0
Effective bore [mm] 70.0
Inlet pressure [bar] 1.0
Outlet pressure [bar] 2.7
Linear generator Load constant of the generator [N/m·s−1] 0
Fig. 5. Schematic of piston seal.
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To further validate the accuracy of the model, the measured and the
calculated piston dynamics properties are compared. The acceleration
profile of the LJEG is shown in Fig. 7, the line shown as the observed
acceleration is calculated from the second derivative (d x
dt
2
2 ) of the mea-
sured piston displacement, while the line indicated as model accelera-
tion is calculated from Eq. (22). All other variables in Eq. (22) are
measured directly from the experiment, only the frictional force is
calculated from Eq. (8).
A comparison is made between the proposed model and other re-
ported models that could fit in the LJEG dry friction analysis scenario.
The reported friction models are categorised into Cases 1–4 as pre-
sented in Table 4.
The required experimental data were imported to MATLAB and all
models (including models in Cases 1–4) were implemented in MATLAB/
Simulink environment. The parameters for Case 1–4 were optimised.
Figs. 8, 9 and 10 show the accelerations, the velocities and the dis-
placements generated from the models of Cases 1–4, the proposed
model and the experiments of the LJEG.
Fig. 11 and Table 5 explain the operation modes of the LJEG. Fig. 12
demonstrates the piston velocity and trend of total friction force de-
velopment across the LJEG. Point 1 indicates the start of expansion for
the left expander; with the expander piston at OTDC position while the
right compressor piston is at OBDC. Point 2 indicates inlet valve closure
of the right compressor; therefore, technically compression in the right
compressor starts at “2”, while point 3 marks the close of the left ex-
pander inlet valve. At point 4, the right compressor exhaust valve
opens, point 5 marks the end of compression and the OTDC for the right
compressor and OBDC for the left compressor. Compression continues
from point “2” to point “5” although the compressor outlet valve opens
at “4”. Processes between points 6–10 are the same as point 1 to point 5
for the right expander and left compressor. Fig. 13 shows the time
history of piston velocity and friction force contribution due to dry
contact friction of the piston ring and cylinder liner, while Fig. 14
shows the time history of compressor pressure and friction force con-
tribution due to pressure loading.
Figs. 15 and 16 show total friction force with the piston velocity and
the piston displacement respectively. It can be observed from Figs. 12,
15 and 16 that the friction force is closely related to the compression
process in the LJEG. The friction force peaking range corresponds to the
compression process in the LJEG (see Figs. 12 and 14). It implies that
the friction during the compression phase is more significant when
compared with friction during the expansion process and the friction
tends to increase proportionally with the rise of the compression pres-
sure.
At the start of expansion; point 1 (Figs. 12, 15 and 16), the friction
force is higher than other times during expansion (points 1–3); this
effect is because of the higher stiction due to piston sticking at OTDC/
OBDC.
The friction force of the piston takes on a sharply rising trend be-
tween “point 3” and point 4” (See Figs. 12, 14, 15 and 16), which
corresponds to the region of higher piston velocity. It implies that
within the region of higher piston velocity and the compressor outlet
valve opening “4”, the increase of the friction force is due to the in-
crease in compressor pressure rather than the effect of piston velocity
(see Eq. (13)).
It was observed that the compression process starts at point 2 and
through points 4 to 5 (see Figs. 12, 15 and 16). Compressor outlet valve
opens at “point 4” and closes at “point 5”; whilst the pressure between
“point 4” and “point 5” is the same, the friction force is found to be
increasing between the two points. The continuous increase in friction
force at constant pressure (between “4” and “5”) can be attributed to a
continuous decrease in piston velocity (see exponential part of Eq. (13))
between the points and increase in pressure of air cushion at the ex-
pander, due to early closing of the expander exhaust valve.
Shortly after the start of expansion (after “point 1”, see Fig. 16), the
friction force is almost uniform until the start of compression (“point
2”), dry friction contributes more than 80% to the total friction before
the start of compression. Between the start of (“point 2”) and the end
(“point 5”) of compression, friction due to the pressure loading con-
tributes over 85% of the total friction force. Generally, the total friction
of the LJEG pistons increases continuously at the start of compression,
attains the peak point at the end of compression. The total friction force
changes its sign when the piston begins its reverse stroke after OTDC,
and continues in the reverse direction and gradually reduces following
the expansion process. Fig. 17 shows the frictional power for a complete
cycle of the LJEG.
Table 3
Piston seal information.
X 2 Piston rings type
Y 2 Canted springs
Expander (mm) Compressor (mm)
Ring width W 10 8
Ring diameter A 80 70
C 67 57
D 70 60
E 3.2 3.2
F 68 61
G 6.0 4.5
Fig. 6. The LJEG friction force profiles (from tests and the model).
Fig. 7. Piston acceleration profile.
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4.2. Dynamic and thermodynamic model results
A dynamic and thermodynamic model of the LJEG has been vali-
dated in the previous study [3] using a simplified friction model. The
updated results after using the new friction model is presented here.
The piston velocity, the displacement, and the velocity versus dis-
placement profiles of both the improved model and the experiments at
the same operating condition as Table 2 are presented in Figs. 18, 19
and 20 respectively. The piston dynamics predicted from the model
shows similar trends with the experimental results, and the observed
amplitudes are almost identical. The observed difference is acceptable
due to the simplifications and the assumptions made when the authors
linearize the model. The model is considered to be robust to evaluate
the actual system performance of the LJEG prototype.
The coefficient of electric resistance force is the most influential
parameter for the electricity generation efficiency in the LJEG [33]. It
suggested that an efficiency of 80% can be achieved by increasing the
coefficient of electric resistance force in the LJEG. Fig. 21 shows the
mean friction power at different generator load conditions while
Table 4
Reported friction models applicable to LJEG operating on dry friction mechanism.
S/N Description Expression
Case 1 [20–22] This model considers the friction force to be a constant throughout
the entire stroke
Numerical constant
(300**)
Case 2 [14–16] This friction model describes friction force behaviour as a viscous
force; it models the friction force as a force proportional to the
sliding velocity while the direction of friction is opposite to sign of
piston velocity
= −F t kx t( ) ̇ ( )friction
where k represents a proportionality constant and x ̇; the instantaneous sliding velocity.
(k =250**)
Case 3 [17–19] This friction model describes frictional force of having both static
and viscous friction force components
= +F t sign x k k x t( ) ( ̇)[ | ̇ ( )|]friction 1 2
where x ̇; the instantaneous sliding velocity, k2 is the viscous friction coefficient related to
the instantaneous velocity, and k1 is the Coulomb friction coefficient which is considered
as a constant part of frictional force.
k( 1=230** and k2 =100**)
Case 4 [23] The friction model consists of three friction components; viscous
friction, Coulomb friction and friction force as a result of in-
cylinder pressure loading
= + +F t C x f T πpD w( ) ̇ ( )friction f d r p p
where Cf represents damping coefficient, fd dynamic friction coefficient, Tr is the
diametral force, p is the in-cylinder pressure, wpis the width of piston ring and Dp is
the piston diameter.
(Cf =210** and fd =0.095**)
** Optimised parameters selected for simulation.
Fig. 8. Piston acceleration profile for different cases.
Fig. 9. Piston velocity profiles of different cases.
Fig. 10. Piston displacement profiles of different cases.
Fig. 11. Illustration of expander and compressor operation in the LJEG.
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keeping all other parameters of the LJEG constant. The operating
condition is the same as Table 2 but with changes in operating pressure
and temperature (shown in Table 6). It can be observed from Fig. 21
that the mean friction power of the LJEG varies inversely to the gen-
erator load when other parameters are kept constant. An increase in
generator load means an increase in electromagnetic load resistance,
which results to decreases in both piston amplitude and mean velocity.
The relationship between generator load and friction power confirms
that higher electric resistance force will result to lower friction force
which improves the overall system efficiency.
5. Conclusions
In this paper, a novel friction model of a Linear Joule Engine
Generator (LJEG) is presented and the model validated with experi-
mental data. The proposed friction model accounts for an only macro-
scopic sliding phenomenon. The major advantage of the proposed
model is its simplicity and accuracy for numerical simulations. The
main conclusions from this work are listed below:
The frictional force of the LJEG can be represented as a combination
of a dry friction model from a mass-spring-damper system and a friction
Table 5
Summary of expander and compressor operation in LJEG.
Point 1 OTDC for the left expander: left expander intake valve opens.
OBDC for the right compressor: right compressor intake valve opens.
Point 2 Right compressor intake valve closes: start of compression.
Point 3 Left expander intake valve closes.
Point 4 Right compressor exhaust valve opens.
Point 5 OBDC for the left expander.
OTDC for the right compressor: right compressor exhaust valve closes.
Point 6 OTDC for the right expander: right expander intake valve opens.
OBDC for the left compressor: left compressor intake valve opens.
Point 7 Left compressor intake valve closes: start of compression.
Point 8 Right expander intake valve closes.
Point 9 Left compressor exhaust valve opens.
Point 10 OBDC for the right expander.
OTDC for the left compressor: left compressor exhaust valve closes.
Fig. 12. Total friction force and piston velocity profile.
Fig. 13. Dry contact friction force and velocity profile.
Fig. 14. Pressure friction force and compressor pressure profile.
Fig. 15. Total friction force and piston velocity.
Fig. 16. Total friction force and piston displacement.
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force due to pressure of the working fluid. The mean friction force
during the compression process is about 500% of the mean friction
force during the expansion process. The pressure build-up in the Linear
Joule Engine Generator compressor contributes a greater part of the
friction force.
Apart from the surface characteristics of the piston ring and the
cylinder liner interface, the system pressure, the piston velocity and the
piston acceleration are the main parameters defining the friction
characteristics of Linear Joule Engine Generator.
The relationship between generator load and friction power shows
that higher electric resistance force will result in lower friction which
improves the overall system efficiency.
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